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Abstract 
Interleaved switching and coupled inductors are proven methods for reducing DC-DC converter 
output ripple.  This paper furthers discussions of these techniques to arrangements of many buck 
converters connected in parallel.  The different possible arrangements of the DC-DC converters 
are discussed and criteria for fair comparisons between them are chosen.  The effects of 
interleaved switching on ripple values are presented and subsequent effects of coupling the 
inductors is then investigated.  A generalised solution for current ripple in n coupled inductor 
converters is presented.  Simulations are used to verify the solution and characterise the converter 
and output ripple for all configurations. 
 
1 INTRODUCTION 
Interleaved switching and coupled inductors are two 
common methods used to improve the output 
waveform quality in multiple converter architectures 
[2-4].  A coupled inductor system can be viewed as an 
extension of interleaved converters.  The aim of this 
investigation was to characterise the improvements, if 
any, gained from coupling the inductors of interleaved 
converters. 
This is done through analysis and simulation of 
multiple buck converters arranged in parallel.  The 
characterisation is generic and can be applied to any 
number (n) of parallel connected converters. 
Some example applications where this implementation 
is relevant are voltage regulator modules (VRM), 
battery or fuel cell banks and solar cell arrays.  
Parallel connection offers low ripple current output 
and/or improved transient response [4].  Banks of DC 
sources such as batteries or solar cells already have 
management electronics on a per cell basis and these 
electronics can be further used for output ripple 
improvement. 
2 HARDWARE ARRANGEMENT 
The arrangement of the buck converters under 
consideration is shown in Figure 1.  Each converter 
has intentionally been left as a standalone unit to 
exclude variations caused by architectural differences.  
For analysis purposes, the values of interest are 
inductor ripple current and output ripple current. 
3 IMPROVEMENT TECHNIQUES 
3.1 Interleaved Switching 
Interleaved switching is used in all comparisons.  The 
output ripple is minimised when the turn-on instants 
of each converter are spaced equally over one 
switching period.  Figure 2 shows the characteristic 
reduction caused by interleaved switching.  It can be 
observed that the peak output ripple reduces by 1/n for 
n interleaved converters and that the minimum output 
ripple duty ratio is at multiples of 1/n, giving the 
theoretical case of complete cancellation. 
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Figure 1. Connection of n buck converters 
in parallel. 
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Figure 4. Coupled inductor 
arrangements. 
For the case of three parallel interleaved converters, a 
duty ratio of 0.25 will produce the waveforms shown 
in Figure 3.  The output current ripple (the unbroken 
line) is the sum of these three phase shifted ripple 
currents and is one third of their peak-peak magnitude.  
Note also that the output current ripple frequency is 3 
times the switching frequency.  In the general case, the 
output ripple frequency will be n times the switching 
frequency.  
 
3.2 Coupled inductors 
Inductors can be coupled the two ways shown in 
Figure 4.  Direct coupling sees all inductors wound 
with the same polarity about the core and is better 
suited to an arbitrary number of inductors.  Indirect 
coupling is better suited to pairs of inductors because 
of flux cancellation advantages.  A thorough magnetic 
analysis of coupled inductors has been presented in 
[5]. 
 
It is easiest to express the relationship between 
coupled inductors in n converters in the form of (1). 
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The inductance of each individual winding is Ln and 
Mij is the mutual inductance between Li and Lj. For 
this paper we assume all inductances ( )nL  are equal 
i.e. [ ]nLLL === ...21 , and all inductors are coupled 
equally i.e. [ ]nnMMM === ...1312 .   
The resulting simultaneous equations can be difficult 
to solve, however they offer some initial insight into 
the effects of coupling inductors.  A coupling 
coefficient LM=α  is defined to represent the 
degree to which the magnetizing inductance is divided 
between leakage and mutual inductance [1]. 
Figure 5a shows that for a coupled inductor system, 
the current ripple in each converter will increase with 
closer coupling. 
The current waveforms of Figure 3 have been further 
modified by coupling the inductors and the resulting 
wave shapes are shown in Figure 5b. 
4 SIMULATION 
All simulations of the multiple buck converters were 
implemented using the Matlab software package.  The 
primary consideration when developing a simulation 
methodology was to ensure that obtained benefits 
were a result of interleaving and/or coupling only. 
In keeping with this methodology, whenever the 
number of buck converters being considered was 
changed, the energy storage components were also 
changed so that the overall volume was constant.  This 
strategy is also based on practical examples such as 
mobile or limited volume situations where size and 
weight are critical such as a laptop power supply or 
electric vehicle battery pack. 
Figure 2. Percentage decrease in output 
current ripple at varying duty ratios for N 
parallel converters. 
 
Figure 3.  Converter ripple 
currents and their 
interleaved output (D = 0.25) 
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Figure 5.  (a) Percentage increase 
in inductor ripple for varying 
coupling coefficient and (b) 
converter ripple currents ( )31=α  
for coupled inductors. 
4.1 Constant Volume Direct Coupling 
Calculations for maintaining a constant total volume 
in direct coupling are relatively simple.  As the 
number of converters (n) in parallel increases, the 
average current I in each inductor reduces to nI .  
Using equation (2)[1], the cross sectional area A will 
become nA , reducing the volume of that core.  
Overall there are n converters in parallel, hence the 
total volume will be unchanged when compared with 
the base case of a single converter.  The inductance 
value in each converter is also the same as that of the 
base case. 
 ℜ= BANI  (2) 
4.2 Constant Volume Indirect Coupling 
Because of the physical inductor arrangement in 
indirect coupling, its use is mostly applicable for pairs 
of inductors.  Subsequently, and for the purposes of 
this paper, only two inductors will be considered in an 
indirect arrangement.  This alleviates the problem 
experienced in direct coupling of changing core sizes 
due to varying numbers of converters.  Analyses for 
higher numbers of inductors have been done in [5]. 
Indirect coupling does however have its own 
characteristic that determines resizing of the core.  An 
example of a possible winding and core structure 
arrangement is shown in Figure 6.  The leakage 
inductance flux paths of each inductor are the circular 
broken lines passing through the central air gap.  The 
heavier lines around the perimeter represent the 
mutual inductance flux path. 
As can be seen, the mutual inductance fluxes from the 
two inductors cancel each other out.  As the inductors 
become more 
closely coupled, 
the total flux is 
distributed 
further in 
favour of the 
mutual 
inductance path.  
This reduces the 
RMS flux in the 
core and the 
ripple current becomes the primary consideration 
when sizing. 
In the context of maintaining a constant core volume, 
the inductor parameters are modified to achieve the 
required coupling coefficient without changing the 
amount of core material.  This is a recursive process 
and becomes difficult to implement because multiple 
variables are changing simultaneously. 
A simplified strategy was devised in this paper to 
overcome this problem.  When varying the coupling 
coefficient, the leakage inductances were kept 
constant and the mutual inductance was modified to 
suit the coupling coefficient.  The change in core 
volume that resulted was then used to put any 
observed ripple advantages into context. 
5 RESULTS 
Other than the topological variations mentioned in 
previous sections, all variables of the converter are 
held constant for these analyses. 
5.1 Parallel Direct Coupling 
The first aspect of direct coupling investigated was the 
effect on the inductor ripple current.  From Figure 5a 
it is already expected that the current ripple seen by 
the converter will increase with coupling.  As a further 
measure, the inductor ripple current ( Li∆ ) is 
compared with the average converter current ( Li ) for 
varying duty ratios.   
For the case shown in Figure 7, the ripple current 
becomes an increasingly large percentage of the 
average current.  For a coupling coefficient (α ) of 
0.5, Li∆  reaches 100% of Li  with only four 
 
Figure 6.  Flux paths of an 
indirectly coupled inductor. 
Figure 7. Inductor current ripple 
compared with average inductor current 
for varying duty. 
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Figure 8.  The effects of (a) duty ratio and 
(b) coupling on the output current ripple. 
converters in parallel.  This rapid increase is the 
compounding effect of an increased ripple due to the 
coupling and a decreased average converter current. 
As a further clarification, the graph shows that the 
peak-to-peak converter current depicted in Figure 5b 
will be about 30% greater than the peak to peak 
current in Figure 3. 
The next comparison was of the output current ripple 
effects, shown in Figure 8, for varying duty ratio and 
varying coupling coefficient.  Comparing Figure 8a 
with that of Figure 2, where the coupling is absent, it 
is obvious that the output current is reduced as a result 
of the coupled inductors.  The general shape of this 
reduction is shown in Figure 8b. 
Hence, the compromise of increasing the inductor 
ripple is to achieve a reduction in the output ripple.  
The coupling coefficient must also be carefully 
selected so that the inductor ripple does not become 
too large as the number of converters in parallel 
increases, although this is largely dependent on the 
initial current rating of the converter. 
5.1.1 Parallel Indirect Coupling 
The method described in Section 4.2 for comparison 
of indirectly coupled converters was carried out using 
two converters.  The output ripple was kept constant 
for all cases, so that the only two parameters involved 
in the comparison were the percentage ratio of 
converter ripple to average current and the percentage 
increase in inductor volume required to achieve a 
specific coupling coefficient.  The results of this can 
be seen in Figure 9a.  When the inductors are not 
coupled, the maximum converter ripple is about 25% 
of the average converter current.  As the coupling 
increases (the coupling coefficient becoming more 
negative) this maximum percentage ripple decreases. 
However, the decrease in ripple is a result of an 
increase in core volume and inductance.  Figure 9b 
shows the rate of increase in the inductor core volume 
with the rate of decrease in maximum ripple current 
for changing coupling coefficients.  As can be 
observed, a 10% increase in core volume results in a 
35% decrease in converter ripple. 
The large difference in rates of change indicates that 
even if the core value did not increase, the maximum 
percentage ripple current would still decrease, 
although not to the degree shown in Figure 9a.  It 
should also be noted that the output ripple will 
increase by the same proportion under those 
conditions. 
The curve of the graph in Figure 9b also suggests that 
the most benefit is gained in applications where the 
ripple is already low, as the maximum rate of decrease 
occurs at lower coupling coefficients. 
6 CONCLUSION 
The purpose of the described analyses was to 
investigate the effects of interleaved switching and the 
further improvements from coupled inductor 
techniques for many parallel connected buck 
converters.  Simulations were used to show the ripple 
current waveforms in the converter and at the output 
of the converters.  The simulations also showed the 
behaviour of maximum ripple values for varying duty 
cycles and coupling coefficients. 
Direct coupling of the converters is well suited for an 
arbitrary number of converters in parallel.  Increasing 
the coupling coefficient results in a reduction of 
output current ripple.  The compromise is an increase 
in the relative converter current ripple, which can lead 
to increased losses in the inductor core. 
 
Indirect coupling is better suited for pairs of inductors.  
Sizing of inductor cores is a little more flexible due to 
flux cancellation in the mutual inductance path and 
can be used to reduce the converter current ripple as 
the coupling coefficient is increased.  The output 
ripple can increase as a result of changing the core 
parameters. 
Both coupling techniques require specific applications 
for their advantages to be exploited. Applications 
where output ripple minimisation and control is 
prioritised would be benefited most by a directly 
coupled configuration, whilst indirect coupling would 
best suit a situation where either the ripple in the 
converter or the size of inductor cores needs to be 
reduced without affecting the output ripple current. 
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Figure 9.  Converter ripple variation with 
changing (a) coupling coefficient and (b) 
inductor volume for two indirectly coupled 
converters. 
